
SPECIFICATION 

■ TO ALL WHOM IT MAY CONCERN: 

BE IT KNOWN THAT I, YASUSHI INDA, a citizen of Japan with a 
post office address 5-20-4-BlOl. Hashimoto, Sagamihara shi, Kanagawa ken, 
Japan have invented certain new and useful improvement in LITHIUM ION 
SECONDARY BATTERY AND A METHOD FOR MANUFACTURING THE 
SAME of which the following is a specification : 
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Title of the Invention 

LithiuncL ion secondary battery and a method for manufacturing the same 

Back^ound of the Invention 

This invention relates to a lithium ion secondary battery employing a 
thin film soHd electrolyte and a niethod for manufacturing the same. 

In the past, a non-aqueous electrolytic solution was generally used as an 
electrolytic solution for a lithium ion secondary battery. A hthium ion 
secondary battery employing a polymer electrolyte made of polymer as 
disclosed by Jap£uiese Patent Application Laid-open PubHcation No. 
2000-067917 has recently attracted more attention of the industry than such 
electroljrtic solution employing liquid. 

The hthium ion secondary battery employing a polymer electrolyte 
holds a liquid electrolytic solution in the polymer electrolyte and, therefore, 
has the advantage that there is httle possibility of leakage of the liquid, that 
there is Httle possibility of corrosion, that short-circuiting between electrodes 
caused by precipitation of Hthium in the form of dendrite can be prevented 
and that assembly of the battery is easy because the structure of the battery 
is very simple. 

Since Hthium ion conductivity of such polymer electrolyte is lower than 
an electrolyte containing only an electrolytic solution, there has occurred a 
practice to reduce thickness of the polymer electrolyte. There, however, has 
arisen a problem in such polymer electrolyte whose thickness is reduced that. 
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since its mechanical strength is reduced, the polymer electrolyte tends to be 
broken or give rise to a hole during production of the battery resulting, in 
short-circuiting between the positive electrode and the negative electrode. 
The gel polymer electroljrte is reported to have thickness in the order of 30>a 
m to 80x£m. 

For improving the mechanical strength, there is a proposal in Japanese 
Patent Application Laid-open Publication No. 2001-015164 for a compoimd 
electrolyte containing lithium ion conductive glass-ceramic powder. This 
proposal however has not realized a thin film electrolyte having thickness of 
20 //m or below. 

There are also many proposals, e.g., in Japanese Patent Application 
Laid-open PubUcation No. Hei 07-326373, for a solid electrolsrte battery which 
does not employ an electrolytic solution at aU. Since a Kthium ion secondary 
battery employing a solid electrolyte does not require an organic electrolytic 
solution as in the prior art batteries, there is no risk of leakage of solution 
and combustion and, therefore, a highly safe battery can be provided. In the 
prior art battery employing an organic electrolytic solution, the positive 
electrode and the negative electrode contact each other by means of the 
organic electrolytic solution through the soHd electrolyte and, therefore, 
resistance in moving of ions in the interface does not cause a serious problem. 
If, however, all of the positive electrode, negative electrode and electrolyte 
composing the battery are made of solid, contact in the interface between the 
positive electrode and the electrolyte and contact in the interface between the 
negative electrode and the electrolyte become contacts between sohds which 
include point contacts in some parts of the interfaces and thereby produce a 
large interface resistance as compared with the prior art batteries emplosdng 
the electrolytic solution. Hence, the solid electroljrte battery has a large 
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impedance in the interfaces which tends to cause polarization and thereby 
restrict moving of lithium ion in the interfaces with the result liiat it is 
difficult to realize a battery haying a large capacity and a large output by 
such solid electrolyte battery. 

It is, therefore, an object of the present invention to provide a hthium 
ion secondary battery which has solved the above problems and has a thin 
electrolyte and thereby has small resistance notwithstanding that a sohd 
electroljrte is employed and, therefore, has a high battery capacity and a high 
output and an excellent charging-discharging characteristic and thereby 
ensures a stabilized use over a long period of time. 

Summary of the Invention 

As a result of detailed studies and experiments, the inventor of the 
present invention has found, which has led to the present invention, that an 
inorganic substance having a certain crystal has a high lithium ion 
conductivity and its Hthium ion transport.niunber is 1 and that, by employing 
this substance as a solid electroljrte in the form of a thin film in a hthium ion 
secondary battery, a battery of a high performance can be realized, 

A lithium ion secondary battery according to the iavention comprises a 
positive electrode, a negative electrode and a soHd electrolyte, said solid 
electrolyte being made in the form of a thin film comprising a hthium ion 
conductive inorganic substance. 

The thin film sohd electrolyte should preferably comprise an inorganic 
substance of a high hthium ion conductivity and, more preferably, a hthium 
ion conductive crystal, glass or ^ass -ceramics. In the thin film sohd 
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electrol3^e used in the lithium ion secondary battery of the invention, the 
thinner the thin film solid electrolyte, the . shorter is moving distance of 
lithium ion and, therefore, the higher is the output of the battery. In the 
lithium ion secondary battery, therefore, the thin film soUd electrolyte shoidd 
preferably have thickness of 20jum or below and, more preferably, 10/zm or 
below and, most preferably, 5>am or below. 

Mobility of Uthium ion during charging and discharging in the lithium 
ion secondary battery of the present invention depends upon Hthium ion 
conductivity and Hthium ion transport number of the solid electrolyte. 
Accordingly, in the lithium ion secondary battery of the invention, the thin 
film solid electrolyte should preferably have lithium ion conductivity of 
lO'^Scm'i or over. 

Brief Description of the Drawings 

In the accompanying drawings, 

FIG. 1 is a schematic sectional view showing an internal structure of the 
lithium ion secondary battery of the present invention; 

FIG. 2 is a graph showing change in the discharging capacity 
accompanying the charging-discharging cycles of the Hthium ion secondary 
battery s of Example 1 and Comparative Example i; and 

FIG. 3 is a graph showing change in the dischargiag capacity 
accompanying the charging-discharging cycles of the Hthium ion secondary 
batteries of Example 4 and Comparative Example 4 
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Description of Preferred Embodiment of the Invention 

In a preferred embodiment of the invention, the thin film solid electrolyte 
should preferably comprise the inorganic substance in an amoimt of 40 
weight % or over. The inorganic substance should preferably be an ion 
conductive crystal, glass or glass-ceramic. The inorganic substance should 
preferably be powder of the inorganic substance. The inorganic substance 
powder in the thin film solid electrolyte should preferably have an average 
particle diameter of 1.0 //m or below, more preferably 0.5 //m or below and, 
most preferably, 0.3>tzm or below. 

In the lithium ion secondary battery of the invention, the thin film soHd 
electroljrte may comprise a lithium ion conductive inorganic substance 
powder in a poljnner medium. The thin film soHd electrolyte should 
preferably comprise a lithium inorganic salt and lithium ion conductive 
glass-ceramic powder. 

In the lithium ion secondary battery of the invention, the thin fiUm soHd 
electrolyte may be formed by direct coating on an electrode material or 
materials for the positive electrode andVor the negative electrode. 

The method for manufacturing a Lithium ion secondary battery having a 
thin film solid electrolyte comprising a hthium ion conductive inorganic 
substance according to the invention comprises a step of forming the thin film 
solid electrolyte by coating , the Hthium ion conductive inorganic substance 
directly on an electrode material or materials for the positive and/or negative 
electrode. 

As described above, the thinner the solid electrolsrte, the less is 
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resistance and the shorter is moving distance of ion and, therefore, the higher 
is the output of the battery. However, in a case where the sohd electrolyte is 
produced independently and separately from the other components of the 
battery, there is Umitation in making the solid electrolyte thin for reasons of 
strength and handling as well as the manufacturing process. According to 
the method for manxifacturing a lithium ion secondary battery of the 
invention, the solid electrolyte is formed directly on an electrode material or 
materials for the positive electrode and/or the negative electrode and, 
therefore, there is no problem caused by handling an independent solid 
electroljrte and hence the solid electroljrte can be made even thinner. 

The thin film solid electrolyte may be formed by preparing slurry 
comprising Hthium ion conductive crystal, glass or glass-ceramic as the 
inorganic substance^ and coating the slurry directly on the electrode material 
or materials for the positive and/or negative electrode. 

For coating the slurry directly on the electrode material or materials for 
the positive electrode and/or the negative electrode, dipping, spin coating or 
tape casting may be employed or printing technique such as ink jetting or 
screen printing may be employed. As the slurry, lithium ion conductive 
powder of an inorganic substance may be dispersed with a binder in a 
medium. . Preferable inorganic substances are a crystal, glass and 
glass-ceramic. The thin film solid electrolyte should preferably comprise an 
inorganic substance in an amount of 40 weight % or over. 

The lithium ion conductive powder used in the present invention should 
preferably have a high lithium ion conductivity and, more preferably, a 
chemically stable glass-ceramic. A specific example of the powder of the 
chemically stable glass-ceramic is powder of glass-ceramic which is produced 
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by heat-treating a Li20-Al203'Ti02-Si02*P205 mother glass for crystalhzation 
and contains Lii+x+yAlxTL2-xSiyP3yOi2 (O^x^l, O^y^l) as a predominant 
crystal phase. . 

For binding particles of crystal, glass or glass-ceramic powder to one 
another and also binding these particles to the electrodes which constitute 
substrates, an organic polymer material may be employed as the binder. 
Specifically a poljoner material such as polyethylene oxide,, polyethylene, 
poljTpropjrrene, polyolefin, fluorine resin such as polytetrafluoroethylene, 
polychlorotrifluoroethylene and polyvinylydene fluoride, polyamides, 
polyesters ahd polyacrylates, or a polymer material comprising such polymer 
as a constituent element may be used. A binder haAong lithium ion 
conductivity or a polymer imparted with lithium ion conductivity by adding 
lithium salt or the like material is more preferably because such binder 
improves ion conductivity of the compound electrolyte. As the medium, an 
organic medium in which the above described polymer material is dissolved 
or dispersied may be used. 

In the Uthium ion secondary battery of the invention, the thin film soHd 
electrolyte may also be formed by coating a lithium ion conductive inorganic 
substance directly on an electrode material. For the direct coating known 
methods for making a thin film such as sputtering, laser abrasion and plasma 
spraying may be used. In this case, a lithium ion conductive crystal or glass 
or a compovmd material including such hthium ion conductive crystal or glass 
may be used as a target for forining a thin film directiy on an electrode 
material. 

As a target material, the above described chemically stable and highly 
lithium ion conductive glass-ceramic may preferably be employed. In 
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making a tV^in film, this glass*ceramic sometimies becomes amorphous but, in 
this case, there will be no problem if the above described predominant crystal 
phase is caused to precipitate by crystallizing the amorphous glass by 
heat-treating. Similarly, the mother glass from which this glass-ceramic is 
obtained may be employed as the target. In this case also, the above 
described predominant crystal phase can be produced by the crystallizing 
process after the filTn has been formed. A target made of a compound 
material can be obtained by mixiag an inorganic binder to powder of a 
lithium ion conductive crystal; glass or glass-ceramic and sintering the 
mixture. The glass-ceramic powder should preferably have lithium ion 
conductivity and, more preferably, should contain Lii+x+yAlxTi2 xSiyPa yOi2 as a 
predominant crystal phase. This glass-ceramic powder, should preferably 
have an average particle diameter of 5/zm or below and, more preferably, 3/z 
m or below. The inorganic binder used should preferably be a crystal or 
glass which is an inorganic oxide having a low melting point. The amovmt of 
this inorganic biader should preferably be 20 weight % or below. 

In the lithium ion secondary battery using the thin film soUd electrolyte 
of the invention, the positive electrode may be made by forming a material 
containing a transition metal oxide as a positive electrode active material on 
an aluminum foil used as a positive electrode collector. As the positive 
electrode active material, a transition metal compound capable of absorbing 
and storing and discharging lithium may be used. For example, an oxide or 
oxides containing at least one transition metal selected from manganese, 
cobalt, iron, nickel, vanadium, niobium, molybdenum, titanium etc. may be 
used. In a case where a material which does not contain lithium is used as a 
negative electrode active material, a transition metal oxide containing 
lithium may preferably be used. 
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In the lithiiun ion secondary battery using the thin filni solid electroljrte 
of the invention, the lithium ion conductive inorganic substance may 
preferably be used not only for the thin film soUd electrolyte but also in the 
positive electrode as an ion conductive additive. As the lithiuni ion 
conductive inorganic substance used for the positive electrode, glass-ceramic 
powder containing Lii+x+yAlxTi2xSiyP3yOi2 as a predominant crystal phase as 
is used in the thin film solid electrolyte may preferably be used. This 
glass-ceramic.powder should preferably have an average particle diameter of 
5//m or below and, more preferably, 3/^m or below. 

In the Uthium ion secondary battery using the thin film sohd electrolyte 
of the invention,, an electric conductive additive and/or a binder may 
preferably be used in the positive electrode. As the electric conductive 
additive, acetylene black may preferably be used and, as the binder, 
polyvinyhdene fluoride PVdF may be preferably be used. 

In ihe hthium ion secondaiy battery of the invention, the negative 
electrode may be made by forming a material contaixdng a negative electrode 
active material on a copper foil used as a negative electrode collector. As the 
negative electrode active material, a metal or alloy capable of absorbing and 
storing and discharging Hthium such as metal hthium, hthium* aluminum 
aUoy and lithium-indium alloy, transition metal oxides such as titanium and 
vanadium, and carbon materials such as graphite, active carbon and 
mesophase pitch carbon fiber may be used. 

In the hthium ion secondary battery of the invention, the Hthium ion 
conductive inorganic substance may preferably be used not only for the thin 
film soHd electrolyte but also in the negative electrode as an ion conductive 
additive. As the Hthium ion conductive inorganic substance used for the 
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negative electrode, glass-ceramic powder containing Lii+x+yAlxTi2*xSiyP3 yOi2 
as a predominant crystal phase as is used in the thin film soHd electrolyte 
may preferably be used. The negative electrode may be produced by mixing 
a negative electrode active material with an ion conductive additive and a 
binder in acetone solvent and coating the mixture on the negative electrode 
collector. As the negative electrode active material, commercially available 
graphite powder may be used. 

In the following description, the thin film sohd electrolyte and the 
lithium ion secondary battery using it will be described with reference to 
specific examples and advantages of the hthium ion secondary battery having 
the thin film solid electrolyte of the invention will be described with reference 
to comparative examples. It shoiold be noted that the present invention is 
not limited by the following examples but various modifications can be made 
within the scope and spirit of the invention. 

Examples 

Example 1 

Preparation of the positive electrode 

As the positive electrode active material, commercially available hthium 
cobalt oxide (LiCo02) was used. This positive electrode active material, 
acetylene black used as an electric conductive additive, glass-ceramic powder 
containing Lii+x+yAIxTi2 xSiyP3yOi2 as a predominant crystal phase used as 
an ion conductive additive and polyvinyUdene fluoride PVdF used as a binder 
were mixed together in acetone solvent and this mixture was coated on a 
positive electrode collector made of an aluminum sheet having thickness of 10 
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jULm to thickness of about 50 /zm and was dried under temperature of 100^*0 
to prepare a positive electrode in the form of a sheet. As the glass-ceramic 
powder, ^ass-ceramic powder having an average particle diameter of 1.0 /zm 
(average in volume) and a maximum particle diameter of 8 Ad m was used. 
The particle diameter was measured using a laser diffiraction/dispersion 
particle distribution measuring device. 

Preparation of the negative electrode 

As the negative electrode active material, commercially available 
graphite powder was used. This negative electrode active material, 
glass^cefamic powder used as an ion-conductive additive which was the same 
material used for the positive electrode, i.e., containing 
Lii+x+yAlxTi2 xSiyP3yOi2 as a predominant crystal phase and having an 
average particle diameter of 1.0 >am and a maximum particle diameter of 8^^ 
m, and polyvinyKdene fluoride PVdF used as a binder were mixed together in 
acetone solvent and this mixture was coated on a negative electrode collector 
made of a copper sheet having thickness of 10>am up to thickness of about 50 
//m and. was used under temperature of 100 to prepare a negative 
electrode in the form or a sheet. 

Preparation of the thin film solid electrolyte and production of the battery 

Glass-ceramic powder containing Lii-Hx+yAlx'K2-xSiyP3yOi2 as a 
predominant crystal phase and having an average particle diameter of 0.15// 
m and a maximum particle diameter of 0.3 /zm and polyethyleneoxide added 
with LiBF4 as a lithium salt were mixed uniformly in acetone solvent. This 
mixture was coated respectively on the active material side of the positive 
electrode and the active material side of the negative electrode and then 
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acetone used as the solvent was dried and thereby removed whereby a thin 
film sohd electroljrte layer was formed directly on the electrode materials for 
the positive and negative electrodes. The positive and negative electrodes 
were passed through a roll press with the coated sides of these electrodes 
being in contact with each other and was cut into a sheet having a size of 40 
X 50mm. Thus, a lithium ion secondary battery shown in FIG. 1 having a 
thin film soHd electrolyte 3 formed between a positive electrode 2 and a 
negative electrode 4 was produced. The total thickness of diis battery was 
110/zm and the thickness of the thin film solid electrolyte in the battery was 
3//m. 

Lead wires were connected to a positive electrode collector 1 and a 
negative electrode collector 4 and the charging- discharging cycle test was 
conducted at 25*^0 with charging finish voltage of 4.2V arid discharging finish 
voltage of 3.5V. The cycle characteristic of the discharging capacity up to 20 
cycles is shown in FIG. 2. Initial discharging capacity of Example 1 was 
36.2mAh and discharging capacity after 20 cycles was 34.1mAh, thus 
maintaining more than 96% of the initial discharging capacity. 

Comparative Example 1 

The same battery as the battery of Example 1 was produced except that 
glass-ceramic powder was not used but polyethyleneoxide added with LiBF4 
only was used for the thin film soHd electrolyte. The chiarging-discharging 
cycle test was conducted imder the same conditions as in Example 1. The 
cycle characteristic of the discharging capacity up to 20 cycles is shown in 
FIG. 2. 
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Example 2 

Commercially available Hthium cobalt oxide (LiCo02) was used as the 
positive electrode active material. This positive electrode active material 
and the same electric conductive additive, ion conductive additive and binder 
as used in Example 1 were mixed in acetone solvent. This mixture was 
coated on a positive electrode collector made of an aluminum sheet having 
thickness of 10//m to thickness of about 50jum to form a positive electrode 
layer. Immediately thereafter, the same mixture of glass-ceramic powder 
and polyethyleneoxide added with a lithium salt as used in preparation of the 
thin film sohd electrolyte in Example 1 was coated thinly on the positive 
electrode layer to form an electrolyte layer. Then, the same mixture as used 
in preparation of the negative electrode in Example 1 was coated on the 
electrolyte layer to thickness of about 50 // m. A copper sheet which 
constituted the negative electrode collector was attached to the coated side of 
the negative electrode and, after drying voider 100 ^'C, the assembly was 
passed through a roll press and was cut into a sheet having a size of 40 X 
50mm. Thus, a Hthium ion secondary battery shown in FIG. 1 having a thin 
film solid electrolyte 3 formed between a positive electrode 2 and a negative 
electrode 4 was produced. The total thickness of this battery was 100 >am 
and the thickness of the thin film solid electrolyte in the battery was about 2 
//m. Since no drying process was inserted in the coating of the positive 
electrode, the electrolyte and the negative electrode, the positive electrode 
layer and the sohd electrolyte layer existed in a iooixed state in some portions 
of the interface between them and the sohd electrolyte layer and the negative 
electrode existed in a mixed state in some portions of the interface between 
them. 

Lead wires were connected to a positive electrode collector 1 and a 
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negative electrode collector 4 and the charging- discharging cyde test was 
conducted at 25'C and a constant cxirreht of O.lmA/cm^ and with charging 
finish voltage of 4.2V and discharging finish voltage of 3.5V The 
charging-discharging cyde test was also conducted at constant current of 
ImAh/cm^. 

Comparative Example 2 

The same battery as the battery of Example 2 was produced except that 
glass-ceramic powder was not used for the thin film soHd electroljiie. The 
charging- discharging cyde test was conducted under the same condition as in 
Example 2. Comparison between Example 2 and Comparative Exiample 2 of 
the initial discharging capadty of charging and discharging densities of 
0.1mA/cm2 and linA/cm^ and the discharging capadty after 20 cydes are 
shown in Table 1. 

Table 1 

Example 2 Comparative Example 2 

O.lmAcm^ ImAcm^ O.lmAcm^ ImAcm^ 
Initial discharging capacity 

(mAh) 39.2 38.8 35.0 32.2 

Discharging capacity after 

20 cydes (mAh) 36.3 35.1 31.2 26.5 

As will be understood from Table 1, in the battery of Example 2, 
deterioration of the discharging capadty with lapse of the cycle and 
deterioration of the discharging capadty due to rapid charging and 
discharging were both mitigated compared with Comparative Example 2. 



15 



Example 3 

The same glass-ceramic . powder containing Lii+x+yAlxTi2 xSiyP3 yOi2 as a 
predominant crystal phase and having an average particle diameter of 1.0// 
m as used in preparation of the positive electrode in Example 1 was pressed 
and formed to a disk by using lithium phosphate Li3P04 as the inorganic 
binder and thereafter the disk was sintered to provide a target material. A 
sputtering target having a diameter of lOOmra and thickness of 1mm was 
obtained by grinding and poHshing the outer periphery and both surfaces of 
the target material. . 

A thin film was formed on a Uthiimi: aluminum alloy foil having a 
diameter of 20mm and thickness of 20//m by using an RF magnetron 
sputtering device. The solid electroljrte obtained had thickness of 0.1//m. 
Then, a LiCoOa positive electrode film was formed on thin film solid 
electrolyte. The positive electrode fiim obtained had thickness of 2 /im. An 
aluminum film was formed as a positive electrode collector on this positive 
electrode film to thickness of OAjum: Since the sohd electrolyte and the 
positive electrode film became amorphous, heat treatment at 550^*0 was 
applied and a thin film battery having thickness of about 22 //m was obtained. 
A disk having a diameter of 18mm was stamped out from this battery and put 
in a coin battery having a diameter of 20mm to assemble a coin type battery. 

The charging discharging cycle test was conducted at -20''C, 25''C and 
SO'^C and a constant current of lmAh/cm2 and with charging finish voltage of 
3.5V and discharging finish voltage of 2.5V. Also, the assembled coin type 
battery was mounted on a circuit substrate by reflow soldering at 250**C and 
a similar cycle test was conducted at 25*C. 
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Comparative Example 3 

An elecixolyte was prepared by impregnating non-woven cloth with a 
conventional electrolytic solution and a battery was produced using this 
electrolyte. The same negative electrode made of lithium -aluminum alloy as 
in Example 1 was used and a positive electrode was prepared by forming a 
film of LiCo02 on an aluminum foil having thickness of 10 jum by a 
sputtering device in the same manner as in Example 1. The positive 
electrode and the negative electrode were attached to each other through a 
separator made of non-woven cloth haviag thickness of 26 // m and the 
separator was impregnated with propylene carbonate added with 
LiN(C2F5S02)2 as a Uthium salt whereby a thin film battery having thickness 
of about 58 /zm was produced. In all' other respects, the same process as in 
Example 3 was followed to produce a coin type battery. The 
charging-discharging test was conducted imder the same conditions as in 
Example 3. 

Comparison between Example 3 and Comparative Example 3 of initial 
discharging capacity discharging capacity after 300 cycles, initial discharging 
capacity and discharging capacity after 300 cycles after reflow soldering at 
different temperatures are shown in Table 2. 

Table 2 

Example 3 Comparative Example 3 

Initial capacity Capacity after Initial capacity Capacity after 
(mAh) 
-20^0 0.12 
25°C 0.22 
80°C 0.24 



300 cycles(mAh) 
0.11 
0.20 
0.19 



(mAh) 
0.05 
0.22 
0.22 



300 cycles(mAh) 
0.02 
0,16 
0.12 
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25°C(reflow 0.21 0.18 bursting 

soldering) 

From Table 2, it will be understood that the battery of Example 3 had 
excellent cyde characteristic at the respective temperature and, even at — 
25**C, maintained about 50% of the capacity at the room temperature. The 
battery of Comparative Example 3 was burst by reflow soldering whereas the 
battery of Example 3 caused little change.in the capacity by reflow soldering. 

Example 4 

Preparation of the positive electrode 

A positive electrode layer and a think film electrolyte layer were formed . 
on a positive electrode collector made of aluminum in the same manner as in 
Example 1 except that LiMn204 was used as the positive electrode active 
material. 

Preparation of the negative electrode 

As the negative electrode active material, Li4Ti50i2 was used. This 
negative electrode active material, glass-ceramic powder used as an ion 
conductive additive and pplyvinylidene fluoride PVdF used as a binder were . 
mixed together in acetone solvent and this mixture was coated on a negative 
electrode collector made of a copper sheet having thickness of lOjiim to 
thickness of about 50 //m to prepare a negative ielectrode layer on the 
negative electrode collector. Immediately thereafter, the same mixture of 
glass-ceramic powder and polyethyleneoxide added with a Uthium salt as 
used for preparation of the thin film soHd electrolyte in Example 1 was coated 
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thinly on the negative electrode layer to form a thin film electrolyte layer. 

Production of the battery 

The positive electrode and the negative electrode were attached to each 
other on their electrolyte side and were passed through a roll press at 100°C 
and dried. The positive electrode layer had thickness of 60/zm, the thin film 
sohd electrolyte layer had thickness of 3//m, the negative electrode layer had 
thickness of 100 /^m and the total thickness was about 180 //m. The 
assembly was cut into a sheet having a size of 40 x 50nmi and lead wires were 
connected to the positive electrode collector and the negative electrode 
collector. Charging- discharging cycle test was conducted, at 25 ''C at a 
constant current of O.lmA/cm^ and with charging finish voltage of 3.0V and 
discharging finish voltage of 2.2V. 

Comparative Example 4 

The same battery as the battery of Example 4 was produced except that 
glass-ceramic powder was not used for the electrolyte layers of the positive 
and negative electrodes. The charging-discharging cycle test was conducted 
under the same conditions as in Example 4. The cycle characteristic of the 
discharging capacity up to 20 cydes is shown in FIG. 3. The initial 
dischargiiig capacity of Example 4 was shghtly lower than that of 
Comparative Example 4 but Example 4 exhibited Uttle deterioration in the 
cycle characteristic and maintained 98% of the initial capacity after 20 cycles. 

Example 5 



The same battery as thiat of Example 4 was produced and the 
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charging- discharging cycle test was conducted at 25 °C and at constant 
current of O.lmAycm^ and rapid charging-discharging of 1 and SmA/cm^ with 
charging finish voltage of 3.0V and discharging finish voltage of 2.2V. 

Comparative Example 5 

Glass-ceramic powder and polyethyleneoxide added with LiBF4 as a 
lithium salt was liniformly mixed in acetone solvent and this mixture was 
coated on a cast sheet to thickness of 50 //m, dried and passed through a roll 
press to produce a soUd electrolyte in the form of a sheet having thickness of 
30//m. In the same manner as in Example 4, a positive electrode layer was 
formed on a positive electrode collector made of aluminum and a negative 
electrode layer was formed on a negative electrode coUectdr made of a copper 
sheet. The positive electrode layer and the negative electrode layer were 
attached to both surfaces of the soHd electrolyte (separator) in the form of a 
sheet and the assembly was passed through a roll press to produce a battery 
in the form of a sheet having thickness of 210 // m. The battery was cut iato 
a sheet having a size of 40 X 50mm and lead wires were connected to the 
positive electrode collector and the negative electrode collector. The 
charging —discharging cycle test was conducted under the same conditions as 
in Example 4. The initial discharging capacity and the discharging capacity 
after 20 cycles of Exainple 5 and Comparative Example 5 are shown in Table 
3. 

Tables 

Example 5 Comparative Example 5 

Initial capacity Capacity after Initial capacity Capacity after 
(mAh) 20 cyclesCmAh) (mAh) 20 cycles(mAh) 

Charging/ 
discharging 
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density 

O.lmA/cmS 32.0 31.3 30.8 29.0 

lmA/cm2 32.0 31.1 25.3 23.1 

3mA/cm2 31.5 30.3 20:4 16.5 

There was not much difference between the batteries of Example 5 and 
Comparative Example 5 at the charging-discharging rate of O.lmA/cm^ but, 
as the charging-discharging density was raised to perform rapid 
charging- discharging, reduction in the capacity was clearly observed in 
Comparative Example 5. This reduction was caused by increase in 
resistance to moving of ion in the interface between the positive electrode and 
the soHd electrolyte and the interface between the solid electrolyte and the 
negative electrode. In Example 5 in which the solid electrolyte was formed 
directly on the electrode, a battery capable of functioning adequately at a 
large output was obtained. 

As described above, the lithium ion secondary battery having the thin 
film soUd electrolyte of the present invention has a high output and excellent 
charging-discharging cycle diaracteristic. Further, since the battery of the 
invention does not contain an. organic electrolytic solution a hthium ion 
secondary battery which is safer and more dxirable than the prior art 
batteries can be realized. 

Further, in comparison with the prior art secondary battery having a 
sohd electrolyte which has large electrochemical resistance in the interface 
between the positive electrode and the electrolyte or the interface between 
the electrolyte and the negative electrode, the lithium ion secondary battery 
having the thin film sohd electrolyte of the present invention has realized 
excellent contact in the interface between the positive or negative electrode 
and the electrolyte by forming the solid electrolyte directly on the electrode 
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whereby a battery having a high capacity and a large output can be provided. 

In the prior art hthium ion secondary battery, there was a problem that, 
if the electrolyte is extremely thin, short-circuiting due to internal 
short-circuiting takes place when external stress is applied to the battery or 
the battery is bent. In the hthium ion secondary battery having the thin 
film solid electrol3rte of the invention, a relatively large quantity of inorganic 
substance such as glass-ceramic powder is present in the sohd electroljrte and, 
therefore, internal short-circuiting due to external stress does not take place. 
Besides, in a case where the thin film sohd electrolyte is formed by sputtering, 
the entire sohd electrolyte can be made of glass-ceramic and, in this case, 
possibihty of short-circuiting can be totally eliminated. 



